Abstract We study how the achievements of university students are influenced by the characteristics and achievements of peers in individuals' social networks. Defining peer group in terms of friendship and study partner ties enables us to apply a network regression model and thereby disentangle the influence of peers' performance from that of peers' background. We find significant positive peer effects via the academic achievements of friends and study partners. Students' grades increase with the abilities of study partners, who may or may not also be friends; no such effect is observed for friends who are not also study partners. Additionally, the effects of the abilities of other classmates are found to be insignificant. The results support the claim that peer influence acts mainly through knowledge-sharing channels between students who are connected by social ties.
Introduction
Many factors affect individual learning. Student characteristics, teacher quality, and school resources are inputs in the educational production function and therefore fall within the sphere of traditional research. Peer characteristics and behavior can also play an important role in educational achievement, and such an influence is called the ''peer effect''. While much research is devoted to estimating the effects of peers in secondary school, studies of such effects in higher education are less abundant (Epple and Romano 2011, Sacerdote 2011) .
One strand of empirical research on the effects of peers in institutes of higher education is based on analyses of students living either in one room or in one section of a student dormitory. Sacerdote (2001) , Zimmerman (2003) , McEwan and Soderberg (2006) , Brunello et al. (2010) , Hasan and Bagde (2013) , Griffith and Rask (2014) , Jain and Kapoor (2014) , for example, define randomly assigned roommates as peers. Under an alternative approach, entire study groups are defined as peer groups. However, free choice regarding which courses to study in most universities implies that study groups are formed endogenously, which impedes accurate estimation of peer effects. One exception to this practice is found in military institutions, where students interact intensively within groups that are formed administratively (Lyle 2007 (Lyle , 2009 Carrell et al. 2009 ). Additionally, in institutions of higher education in some countries, student groups are exogenously formed, and curricula are dominated by compulsory courses (De Giorgi et al. 2010; De Paola and Scoppa 2010; Androushchak et al. 2013) .
However, studying the effects of peers based on entire groups has some disadvantages. For example, one must assume that all members of a group have the same influence on a given student, an assumption that is quite plausible in the first year of study but is unwarranted in subsequent years, as students form their own social ties and micro-groups. Most previous work on peer effects in higher education has focused on first-year data. Hence, the study of how social interactions affect student achievement beyond the first year is of obvious interest.
Additionally, the group-interaction assumption complicates the delineation of the effects of peer characteristics (exogenous peer effects) and those of peer outcomes (endogenous peer effects), a differentiation that is very important both for understanding the mechanisms of peer group effects and for educational policy. Some characteristics of peers-such as abilities or socio-demographic characteristics-are predetermined and cannot be changed. Peer behavior (achievement) can be influenced by educational policy. For example, if academic performance is a concern, then stimulating achievement among a target group of students can affect achievement among their peers, who will in turn affect their peers (including target students), and so on, creating a social-multiplier effect.
An analysis of each student's individual connections allows researchers to overcome the above-mentioned limitations imposed by the assumption of group interaction. Indeed, several recent studies address the effects of social ties on the achievements and behaviors of students and show a positive association between social ties and academic performance in a university environment. For example, Antrobus et al. (1988) and Mayer and Puller (2008) find positive correlations between students' and friends' GPAs. Smith and Peterson (2007) , Thomas (2000) , Hommes et al. (2012) , Gaševic et al. (2016) reveal a significant association between students' network positions and academic performance. Lomi et al. (2011) report evidence of peer effects in MBA programs: students tend to ''assimilate'' the average performance of their friends and their advisors.
In this study, we investigate the role of student's personal network quality rather than its size. We use data on the academic performance and the social connections of third-year students from a Russian university. Data on friendship and study partner ties were gathered via a questionnaire survey. The survey data enable us to identify individual peers in a more precise way than would be possible through online social network nominations or the uniform group interaction assumption.
To obtain separate estimates of endogenous and exogenous peer effects, we exploit a model based on a spatial autoregressive model of individual student outcomes. A similar approach is used by Bramoullé et al. (2009) and Lin (2010) in studies of peer effects in secondary schools but, to the best of our knowledge, has not yet been applied in higher education settings. This approach produces more valuable information than a simple correlation analysis between students' and peers' GPAs or reduced form model estimates would.
The possible endogeneity of networks is a serious issue in the empirical identification of peer effects. Social ties result from individual choices, as individuals form ties based on observed and unobserved characteristics that may reflect similarities between individuals (homophily). If some of these characteristics are unobserved and also affect outcomes, omitted-variable endogeneity arises. To address this issue, network fixed effects are often employed. However, the use of network fixed effects is only effective if unobserved characteristics are common to all individuals in the network. While this assumption is reasonable if networks are small, in the present study we focus on a single network with more than 150 students. As an alternative, we use a model with random effects correlated across social ties to capture similarities in unobserved characteristics among connected students. We then test for the presence of omitted-variable endogeneity, using the methodology of Patacchini et al. (2014) and Liu et al. (2013) , which is based on the approach of Goldsmith-Pinkham and Imbens (2013) . Our results show that we cannot reject the hypothesis of no omitted-variable endogeneity.
Our results highlight the importance of personal social ties in the educational process. We find significant positive peer group effects of both the academic achievements and abilities of connected students. These findings may help us better understand the actual mechanisms of peer effects and explain unobserved peer influence in some studies (Lyle 2007; McEwan and Soderberg 2006; Foster 2006) . If personal ties are the ties that matter most, the use of classmates or roommates as peer groups may lead to wrong conclusions.
We find that students' grades increase with the abilities of study partners, who may or may not be friends with the students considered; no such effect is found among friends who are not study partners. This result highlights the importance of the knowledge-sharing channel of peer influence.
Peer outcomes have positive spillover effects and thus are relevant to educational policy. Student interactions extend the effects of study aid provided to a portion of the student population. Thus, facilitating such interactions through appropriate teaching practices may increase overall student achievement.
Methods Basic Framework of Peer Effect Estimation
Social environment may influence individual outcomes because the individual behavior varies with the behavior of the group (endogenous effects), or because it is affected by external characteristics of the group members (exogenous, or contextual, effects). Also, individuals in the same group may behave similarly because they have similar individual characteristics or face similar institutional environments (correlated effects) (Manski 1993) . Following this framework, the basic specification of the empirical model can be written as:
where y i is an indicator of academic achievement of student i, x i is a vector of individual characteristics of student i, x peer Ài is a vector of mean exogenous characteristics of student i's peers (subscript '-i' indicates that student i not a member of own peer group), y peer Ài is the mean academic achievement of the peer group of student i, u i are random disturbances.
If grades in several courses are available for each individual, a panel framework may be applied. Then, model (1) can be written with course grades as the dependent variable:
where i is an index of students, and s is an index of courses. The disturbance term u is may be correlated across network ties:
where q is the network autocorrelation coefficient, 1 l i is a student-specific error component, and e is is an independently and identically distributed error. The model (3) implies that there are unobserved factors which are correlated for connected students.
The coefficient b in model (2) measures endogenous effect, the degree to which individual achievement responds to the achievements of peers. The components of the vector d represent exogenous effects and reflect how students respond to observable predetermined characteristics of their peer group, such as gender composition or mean previous achievement (admission test score). The important difference between these effects is that only endogenous effects (b = 0) have a social multiplier property. Indeed, suppose that the achievement of a given student increases as a result of some external influence (u i in Eq. (1)). This improvement influences the performance of his or her peers; the improvement in peer achievement in turn feeds back on the student, etc. Pure exogenous peer effects (d = 0, b = 0) do not have such multiplier effects because external shocks do not influence the fixed characteristics of students.
2 Model of disturbances (3) takes into account potential correlations between unobservable characteristics of students linked by social ties (correlated effects).
Identification issues arise if group interaction is assumed, i.e. students are affected by all individuals that belong to their group and by nobody outside the group. Since a student's own performance influences the outcomes of his or her peers and vice versa, the joint identification of both endogenous and exogenous effects is difficult; this is so-called 'reflection problem' (Manski 1993) . Therefore, many studies estimate the reduced model of peer effects with omitted term containing peers' outcome:
Although estimates of this model are of no help in differentiating endogenous and exogenous effects, they can help to clarify the role of peer effects.
There is no reflection problem when peers are defined through social network ties since peer group is specific to each individual (Bramoullé et al. 2009 ).
Peer Effects in Social Networks
To estimate endogenous and exogenous peer effects separately, we use data on students' personal social ties. We assume that students who are connected to one another via social ties may influence academic achievements of each other. Social network can be viewed as a set of nodes (students) connected by ties (friendship and advice).
Let the sample consists of n students interacting through a network. We describe social connections by n 9 n network adjacency (or interaction) matrix A = {A ij } where A ij = 1 if the student i has nominated student j as a friend/helper, and A ij = 0, otherwise. We also set A ij = 0 so that students are not linked to themselves. Generally, adjacency matrix is nonsymmetrical because nominations are not necessary reciprocal. Student i's reference group of size n i is the set of other students who have been nominated by student i. We assume that all members of the reference group have equal influence. The peer influence is represented by adjacency matrix G which is a rownormalized adjacency matrix A:
Using the above notations, model (2) for grades and model (3) for disturbances can be written as a network regression model:
The problem of estimating the endogenous effects (b) and exogenous effects (d) in model (7) concerns the endogeneity of the second term on the right-hand side. As Bramoullé et al. (2009) show, the parameters can be identified if matrices I, G, and G 2 are linearly independent. In network interactions, linear independence is assured by the presence of intransitive triads in a network structure. The triad of students A, B, and C is intransitive if A affects B and B affects C, but A does not affect C. This requirement usually holds for social ties because, typically, not all friends of friends of a student are also the friends of the student.
Data
In this study, we use data on the academic achievements and characteristics of third-year students in a program conducted by the Department of Economics at the Higher School of Economics (HSE) during the 2011-2012 academic year. The HSE is one of the top-ranked universities in Russia. Its primary programs are in the social sciences.
Admissions
In Russia, admission to tuition-free positions in institutions of higher education is competitive. There are two ways in which secondary school graduates may be admitted. First, admission is granted to winners of Olympiads. Second, applicants are selected on the basis of standardized test scores.
Olympiads are creative contests in selected fields of study aimed at developing academic skills of secondary school students beyond the standard curriculum. Most top-level Olympiads are organized by leading universities and government bodies, and the results must be accepted by other universities in their admission decisions. Participation in an Olympiad is voluntary. The average proportion of students enrolled in institutions of higher education as Olympiad winners is approximately 5 %, while at the most prestigious and selective institutions, the proportion may be above 50 %. In the case of HSE, Olympiad winners constitute 41 percent of the entire sample of students.
A secondary school graduate is obliged to pass the standardized examination, called the Unified State Examination (USE), in several disciplines. USE results are acknowledged by universities as the results of entrance examinations in the corresponding general disciplines. For each field of study, the Ministry of Education and Science defines a list of three or four entrance examinations to the universities that have state accreditation (with two disciplines, the Russian language and mathematics, being obligatory for each student). To be considered for admission, applicants to the HSE program in economics must present USE results in four disciplines: mathematics, social studies, Russian language, and a foreign language. Winners of Olympiads present their scores only for Russian language and mathematics examinations. Selection of applicants for the remaining tuition-free spaces is based on students' USE scores. Other enrolled students are charged tuition fees.
How the Educational Process in Organized
Before the beginning of the academic year, the university administration allocates admitted first-year students to student groups, which remain in force for the first 3 years of study. Typically, a group has up to 30 members. Lectures are usually delivered to several groups simultaneously, while seminars and tutorials (classes) are delivered to each group individually. Therefore, HSE students spend one part of their study time together and one part of their study time in groups. The student sample used in this study consists of 169 students divided into 8 student groups. We include group dummies on the right-hand side of the outcome model (7). The bachelor's program lasts 4 years. Most of the courses in first 3 years of study are compulsory. At the end of the third year, each student chooses a specialization for the final year of study, and groups are changed accordingly.
The course grade is a weighted average of midterm and final exams, homework, essays, and other academic activities. At HSE, a 10-point grade system has been adopted. The higher is the student's achievement in a given course, the higher is his or her grade. If a student receives a grade of less than four, he or she has two chances to re-take the exam.
Dependent and Independent Variables, Friendship, and Study Partner Networks
To obtain the data, we use two sources of information. First, we use questionnaire survey where students were asked to identify their ID number and indicate their connections with classmates. Second, we use university administrative database where we obtain information about student gender, grades, USE scores and Olympiad participation.
To correctly determine each student's peer group, we administered a questionnaire survey among students in the middle of their third year. Apart one question about student ID number, students answered two questions about their social networks. The questions were the following:
(1) Please indicate up to 5 classmates with whom you spend most of your time; (2) Please indicate up to 5 classmates whom you ask for some help in your studies.
We indicate the first group of peers as ''friends'' and the second one as ''study partners.'' The data sample used in the analysis is smaller than the number of enrolled students, as some students were absent from class when the survey data were collected. Additionally, we excluded students who were not nominated either as friends or as study partners.
After processing the data from the questionnaire, we formed matrices of social relations for each student. As student nominations are not necessarily reciprocal, the adjacency matrices are not symmetric. In addition to the non-symmetric matrix of nominated friends, we also created a symmetric matrix of reciprocal friendship ties: only reciprocal nominations were retained. There are 618 ties in friendship networks (366 of them are reciprocal) and 641 connections between students in help networks (208 ties are reciprocal). There are 357 ties between students who are both friends and study partners. Peers' average characteristics are the product of the adjacency matrix and a vector of corresponding variables.
To measure academic achievement, we use student grades for 8 courses that are compulsory for all students during their third year of study. We standardize the grades to exclude the effects of differences in grading standards of different courses.
A key predictor of a student's academic achievement in college is personal ability, which is often measured by standardized test scores (Burton and Ramist 2001; Noble and Sawyer 2002; Frey and Detterman 2004; Shaw et al. 2012 ). In our study, as an exogenous measure of individual student ability, we use scores on standardized tests in obligatory USE courses-mathematics (Math Admission test) and Russian language (Language Admission test). In addition to test scores, we measure ability using a dichotomous variable that indicates secondary school students who are Olympiad winners.
The list of independent variables includes an indicator of whether a student is male or female. Although students come from different regions of the country, the ethnic composition is homogeneous, so there is no need to introduce ethnic dummies. As a peer variable corresponding to the group dummy, we use the proportion of a student's peers who study in the same group. Descriptive statistics of individuals, their friends and study partners are presented in Table 1 . Table 2 presents basic network characteristics such as average indegree and outdegree, network density and reciprocity. Average indegree (outdegree) indicates the average number of ingoing (outgoing) ties that each node has in a network. We can see that on average each student nominates 4 classmates as friends and is named as a friend by 4 classmates. Also, on average each student nominates 4 classmates as helpers and named as a helper by 4 other classmates. Network density indicates the proportion of existing ties in an observed network in comparison with the maximum possible number of ties in the network of the same size. Thus, both friendship and help networks have density 0.023 that means that only 2 % of all possible ties exist in these networks. Such low level of density is common for real-world social networks and is explained by the tendency of people to segregate in communities as well as by the tendency not to be connected with all the people in their social environment (Wasserman and Faust 1994) . Network reciprocity indicates the proportion of mutual ties (student i names student j and j names i back in response). Friendship network has a higher reciprocity level that means that almost 60 % of all dyads in this network are mutual. However, only 32 % of dyads in help network are mutual.
Results

Peer Effects Estimation
Models (7)- (8) has been estimated using the method of maximum likelihood (Millo 2014 ). Since this model specification incorporates all effects (endogenous, exogenous, and correlated), models with smaller number of effects can be obtained by imposing restrictions on the parameters (practical estimation is explained in Online Appendix A). We employ several specifications with different assumptions regarding endogenous effects (coefficient b) and correlated effects (coefficient q). Both effects lead to correlation between grades of connected students. However, only endogenous effects represent peer influence due to social interactions, while correlated effects look similar to interactions, but are in fact not. Tables 3 and 4 report the estimates of the model for friendship ties for nominated and reciprocal friends, respectively. In Table 5 , we present the results for the network of study partners.
Students' own characteristics are significant predictors of grades. While the effect of Language Admission test scores is weaker than that of Math Admission test scores, the status of an awardee of the Olympiad considerably increases grades.
First, consider the specification with exogenous effects only (b = 0 and q = 0), which is often used to identify peer effects. It does not tackle the question of whether the peer effects stem from the peers' outcome or peers' background: the coefficient for the peer variables captures a ''mix'' of endogenous and exogenous factors. For the friendship network, the proportion of Olympiad awardees among friends is significant at the 1 % level for nominated ties and at the 10 % level for reciprocal ties. For the helper network, the helpers' mean Math Admission test, Language Admission test and the proportion of Olympiad awardees are significant at the 5 % level.
Next, we consider specifications that allow for network autocorrelation between the grades. Network autocorrelation means that the grades of connected students are interdependent. However, this interdependence may be caused by different reasons. Specification with b = 0 estimates the endogenous interaction effects among the dependent variables; it means that the grades of a student affect the grades of his or her peer. Specifications with q = 0 explain network autocorrelation of the grades by correlation among the disturbance terms; this correlation may be caused by unobserved factors which are common or similar for connected students. For both models, the estimated log-likelihood function value is much greater than under the specification with exogenous effects only (LR-tests reject the restrictions). As for exogenous peer characteristics, the proportion of Olympiad awardees among peers (both friends and study partners) is significant, with study partners' mean Language Admission test score significant at the 5 % level. Comparing the model with correlated grades-noncorrelated errors (b = 0, q = 0) and the model with noncorrelated grades-correlated errors (b = 0, q = 0), it is evident that the correlations across the network are similar for nominated friends (b = 0.252, q = 0.252) and study partners (b = 0.256, q = 0.251). For reciprocal friends, the coefficients are smaller (b = 0.082, q = 0.081).
Finally, in the full specification models both endogenous interaction and correlated effects are assumed. We find that grades are more highly correlated across the network, that disturbances are negatively correlated, and that the sum of b and q is close to the network correlation coefficients mentioned above.
3 Among peers' exogenous characteristics, the proportion of Olympiad awardees is significant for nominated friends and study partners. For the helpers' network, the mean Language Admission test is also found to be significant.
These findings are consistent with the view that the success of a student is positively influenced by the achievements of peers and by their exogenous ability characteristics, i.e., both endogenous and exogenous peer effects matter.
It is difficult to distinguish between models that assume endogenous interaction effects (b = 0) and correlated effects (q = 0). We find that the network correlation pattern is captured by both effects. These coefficients estimates are close to each other in the specifications in which only one type of correlation is assumed. When we move to the full specification, grades become more highly correlated, whereas disturbances become The dependent variable is course grades. t-statistics are in parentheses
The symbols ***, **, * indicate that coefficients are statistically significant at the 1, 5, and 10 % levels, respectively negatively and insignificantly correlated. Thus, we may conclude that there is evidence of endogenous peer effects in the data rather than correlations between unobserved factors.
Test for Omitted-Variable Endogeneity
Possible correlations between unobserved characteristics that drive social tie formation and student grades are sources of potential omitted-variable bias. 4 To test this sort of endogeneity in the outcome model, we apply the approach of Goldsmith-Pinkham and Imbens (2013), as employed by Patacchini et al. (2014) and Liu et al. (2013) .
The approach relies on the fact that individuals prefer to interact with those with similar characteristics (McPherson et al. 2001; Currarini et al. 2009 ). Let us assume that the The dependent variable is course grades. t-statistics are in parentheses
The symbols ***, **, * indicate that coefficients are statistically significant at the 1, 5, and 10 % levels, respectively student characteristics that shape friendship ties also relate to grades. If two students are friends, homophily implies that their characteristics, observed and/or unobserved, are similar. However, only observed characteristics are used in the model to predict grades, while unobserved characteristics are included in the error term. If two students with different observed characteristics are friends, their unobserved characteristics should be similar. Therefore, the difference between the corresponding residuals in the individual outcome equations should be small. The difference in residuals should increase with the predicted probability of a friendship tie because increased probability implies that observed factors more closely converge, while unobserved factors may diverge. The endogeneity testing procedure is implemented in two steps.
5
First, we estimate a network formation model: The dependent variable is course grades. t-statistics are in parentheses
The symbols ***, **, * indicate that coefficients are statistically significant at the 1, 5, and 10 % levels, respectively where the dependent variable is a probability that randomly chosen students i and j are friends, the explanatory variables are distances between observed characteristics of students i and j (in Eq. (9) we display only one background characteristic). Under homophily assumption, the closer are the characteristics of two students, the higher is the probability that they are friends.
At the second step, we regress the probability of a tiePðA ij ¼ 1Þ, as predicted by the estimated network formation model (9), on the differences in the residuals from the estimates of the grade models (7)- (8),û is Àû js . The regression is performed for the subsample of student pairs consisting only of friends (A ij = 1) with low values of the predicted probability of a friendship tie. Using this sub-sample, we examine those ties where the friendship relationship is not explained by similarities in observed characteristics. Low values of the predicted probability of friendship tie are defined as those below the median (m) of the empirical distribution. The endogeneity test consists in testing the null hypothesis of zero correlation between the predicted probability of observing a tie between students i and j, obtained from (9), and the difference between the residuals of i and j in the outcome Eq. (7). A failure to reject the zero correlation hypothesis implies that there is no omitted-variable endogeneity in the data.
The results of the first-step logistic regression (9) are presented in Table 6 . 6 Negative signs of estimated coefficients support the assumption of homophily in friendship tie formation. Students more readily establish friendship links with peers of the same gender, those who have similar abilities and those from the same study group. In the case of nominated friendship ties, we have 272 friend pair observations with bothPðA ij ¼ 1Þ\m and A ij ¼ 1 out of 4944 observations with A ij ¼ 1 in the full sample. 7 This result implies that model (9) fails to predict actual friendship ties in 5.5 % of cases. In the case of reciprocal friendship ties, model (9) fails to predict actual friendship ties in 4.4 % of cases (64 observations out of 1464). Logistic regression estimates for study partner network are presented in Online Appendix C, Table C1 .
If there were omitted-variable endogeneity in the grade equation, we would expect a positive and significant regression coefficient. The regression estimates for friendship ties are reported in columns 1 and 2 of Table 7 . The estimates for study partner network are shown in Online Appendix C, Table C2 . As no significant correlation is found, we conclude that the variables used in the regression properly account for endogenous network relations.
Which Peers Matter More?
Thus far, we have assessed peer effects related to friends and study partners separately. Distinguishing between these peer groups influences is important, as it may shed light on the peer effect mechanism.
There are various channels through which peer effects may operate. First, highachieving peers may serve as role models and affect aspirations: students may believe that they can also be successful and increase their academic effort (Cohen 1983; Stinebrickner and Stinebrickner 2006) . Second, peers can provide direct learning support: students may obtain help from peers in understanding concepts or solving homework tasks, or peers may share additional study materials. The findings of Hasan and Bagde (2013) suggest that specific skills and knowledge determine peers' helpfulness: a peer skilled in mathematics affects a student's performance in science and Math but not English. By contrast, the results of Griffith and Rask (2014) suggest that the driving force behind peer effects is the transfer of general academic know-how rather than the teaching of specific knowledge.
The juxtaposition of peer effects of friends and of study partners may indicate which channel has the greatest effect. If friends matter more than study partners, then the role model channel would be prevalent. If study partners matter and friends do not, then peer effects would act mainly through knowledge-sharing and direct support.
In our sample, the sets of students' friends and study partners partly overlap. Therefore, we divide peers into three non-overlapping sub-groups: (1) peers who are both friends and study partners; (2) peers who are friends but not study partners; and (3) peers who are study partners but not friends. For each sub-group, we construct the adjacency matrices G FH , G F , G H , respectively, and calculate the mean values of peers characteristics. 8 The model used to estimate the peer effects is written as
Endogenous terms associated with each sub-group are not included on right-hand side of Eq. (10). Kuh et al. (2001) and Lesage and Pace (2011) point to several technical and interpretational issues that arise when more than one adjacency matrix is used and advocate applying specifications such as (10) in such situations. Table 8 displays the estimates of model (10) for two specifications of error terms: with network correlation, as in (3), and without network correlation. In the error model with Table 6 Estimation of logistic model of friendship tie formation. The dependent variable is the probability that two students are friends t-statistics are in parentheses The symbols **, * indicate that coefficients are statistically significant at the 5 and 10 % levels, respectively The symbols ***, * indicate that coefficients are statistically significant at the 1 and 10 % levels, respectively Table 8 Joint estimation of peer effects for friends and study partners The dependent variable is course grades. t-statistics are in parentheses
The symbols ***, **, * indicate that coefficients are statistically significant at the 1, 5, and 10 % levels, respectively
Res High Educ correlation across the network, we used the adjacency matrix with G ij = 1 when student j is a friend or study partner of student i and G ij = 0 when student j is neither a friend nor a study partner. Ability measures of peers who are friends but not study partners are insignificant, while students' grades increase with the abilities of the other two sub-groups, friends/study partners and study partners/non-friends. These findings may be interpreted as evidence that peer effects result from highly capable study partners rather than from highly capable friends, and knowledge sharing is a major channel of peer influence on academic achievement. Similarly, we also estimated peer effects of connected classmates who are friends or study partners and non-connected classmates who are neither friends nor study partners. Table 9 shows the estimates. Math Admission test scores of connected peers positively affect students' grades, while abilities of other classmates are not significant. This result supports the hypothesis that peer effects act mainly through personal relations.
The model similar to (10) may be used in extensions of our study to estimate peer effects differences across alternative dimensions such as gender, race, ability or other characteristics. To do so, we can divide peers into non-overlapping sub-groups of the same attribute and construct the corresponding adjacency matrices. To consider interaction effects, the sub-groups should reflect the combinations of interest, e.g. female-female, female-male, male-male, and male-female. In a similar way, observing interaction between students of different ability answers the question on nonlinearity of peer effects. The dependent variable is course grades. t-statistics are in parentheses
Res High Educ
Discussion and Conclusion
Studying the influence of social interactions among students on academic achievement is of great interest, as it helps us better understand the nature of the learning process and find ways to increase educational achievement. Correctly estimating peer effects is not an easy task. One of the difficulties is identifying those students who interact during their studies and who can therefore influence each other. Another issue is disentangling the influence of current outcomes-which are subject to change-from the effects of a peer's exogenous unchangeable characteristics, such as his or her capabilities. Correct identification of social groups that influence individuals is of great importance in identifying the mechanisms through which peer group effects work. Students interact with their friends and study partners more frequently than with other classmates, and social ties with diligent peers may serve as valuable assets. A high-achieving fellow student may influence a peer's attitude toward learning and effort (Stinebrickner and Stinebrickner 2008; De Fraja et al. 2010; Griffith and Rask 2014) , explain learning materials, help with homework, and assist in preparation for examinations. Similar reasoning may explain the positive effects of highly capable peers observed in other studies (Sacerdote 2001; Carrell et al. 2009; Lyle 2009; Androushchak et al. 2013; Hasan and Bagde 2013; Jain and Kapoor 2014) .
In this work, we use data on social connections obtained from third-year students studying at a top-tier research university in Russia. Information about the individual social ties (directed friendship and study partner ties) of each student allows us to use a network regression model to analyze individual outcomes. Applying this model, we can decompose overall peer effects into the effects of the current achievements of peers and the effects of their abilities.
Our findings support the hypothesis that peer performance has positive spillover effects, in agreement with most previous research. However, while previous studies have relied solely on exogenously assigned peers (roommates or classmates) or have investigated only social tie effects, we employ different definitions of peers-friends, study partners, classmates-and demonstrate that peer influence is mainly conveyed through personal relations.
We find significant positive peer effects via the academic achievements of friends and study partners. Different combinations of friendship and study partner relationships have differing effects on student performance. Students' grades increase with the abilities of friends/study partners and study partners/non-friends, whereas no such effect is found for friends/non-study partners. We interpret this as evidence that the knowledge-sharing channel of peer influence has a greater impact than the role model channel. Certainly, friends are important. However, those friends who are willing and able to provide study assistance matter more, at least for academic performance.
Our study has several unique features: admission procedure is based on standardized tests and Olympiads, majority of courses are obligatory and related to economics, students are administratively divided into study groups, and ethnic composition is rather homogenous. Although these features place limitations on the generalization of the results, we believe that the key findings are still relevant in environments with other national or institutional specifics. Many universities worldwide base their admission policy on standardized tests and other academic achievement: Language and Math tests in Russia are similar to Writing and Math standardized tests taken in the U.S by high school graduates; Olympiad participants gain skills beyond standard program like students who take Advanced Placement courses. Our study stresses an effect of personal ties; therefore the learning environment plays an essential role. At the university considered in this study, the learning environment has both competitive and cooperative features. Examinations are taken individually, information on the course grades is publicly available. However, students are encouraged to work together in classes and in doing homework. The peers can help in learning by giving advices, exchanging ideas or sharing joint work. Provided that students in other higher education institution face similar learning environment, we can expect similar peer effects mechanism.
On the other hand, the learning environments differ in many ways, and that affects the peer interactions. In our case, students are assigned to study groups by administration, and sharing the same study group turns out to be a major determinant of social ties. Exogenous assignment of study group is uncommon to the U.S. experience (except military institutions); therefore personal connections are expected to form across other dimensions such as gender, race, dormitory, interests, and membership in student organizations. Many universities worldwide are characterized by relatively heterogeneous ethnical composition that makes race and ethnicity important determinants of student network formation.
9 Under homophily, students of the same race group are more likely to befriend each other and to form dense communities in the social networks. The differences due to the diverse racial compositions suggest possible extensions of this study. From methodological point of view, the models we have considered are easily adopted to investigate more thoroughly the peer effect differences by race or gender, as well as effects of interaction between students with different attributes. Also, network regression approach is applicable to inspect nonlinearity of peer effects. How peer effects evolve over time is another issue worth to explore.
The presence of endogenous peer effects is relevant to educational policy. To exploit positive peer effects, a university may offer additional classes to help some students or perhaps even provide financial aid to bright students to divert them from part-time work. Such measures would positively impact treated students and have spillover effects on their peers. Obviously, peer effects and the ability of policies to utilize peer spillover effects depend heavily on the specific learning environment, which differs from institution to institution. Peers must not only be able to help others but also willing to help others. A cooperative learning environment and teaching practices that encourage intensive social interaction, such as group project assignments, facilitate knowledge exchange much more than an individualistic and competitive atmosphere would.
Sharing the same study group turns out to be a prominent factor that determines social relations. Group composition manipulations aimed at increasing overall performance may have positive effects. As students tend to form relationships with others of the same gender and ability, policy interventions must take into account the gender and ability mix. However, the endogeneity of social ties constrains the efficiency of policy interventions that involve manipulations of peer group composition, as it is impossible to compel deliberately chosen students to be friends who help each other. A lack of communication between low and high performing students may have negative effects. Carrell et al. (2013) , for example, report on an experiment in which student group composition was manipulated with the goal of maximizing the academic performance of the lowest-ability students. The experiment, however, failed: less able students gained no benefit from highly capable peers because there were no social interactions between these two subgroups. Thus, personal relations among students play a crucial role in the ways in which peers effect work. Effective education policy must be based on an understanding of the nature of these social processes.
